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Single-layer pentagonal materials are an emerging family of two-dimensional (2D) materials that
could exhibit novel properties due to the building blocks being pentagons instead of hexagons as in
numerous 2D materials. Based on our recently predicted single-layer pentagonal CoS2 that is an
antiferromagnetic (AFM) semiconductor, we replace two S atoms by As atoms in a unit cell to form
single-layer pentagonal CoAsS. The resulting single-layer material is dynamically stable according
to the phonon calculations. We find two drastic changes in the properties of single-layer pentagonal
CoAsS in comparison with those of CoS2. First, we find a magnetic transition from the AFM to FM
ordering. We understand that the transition is caused by the lower electronegativity of As atoms,
leading to the weakened bridging roles on the superexchange interactions between Co ions. Single-
layer pentagonal CoAsS also shows significantly stronger magnetocrystalline anisotropy energy due
to stronger spin-orbit coupling. We additionally perform Monte Carlo simulations to calculate the
Curie temperature of single-layer pentagonal CoAsS and the predicted Curie temperature is 103
K. Second, we find that single-layer pentagonal CoAsS exhibits piezoelectricity, which is absent
in single-layer pentagonal CoS2 due to its center of symmetry. The computed piezoelectric coeffi-
cients are also sizable. The rare coexistence of FM ordering and piezoelectricity makes single-layer
pentagonal CoAsS a promising multifunctional 2D material.
I. INTRODUCTION
Multifunctional materials have been immensely stud-
ied due to their combinations of two or more chemical
and physical properties that can be used and tailored for
specific applications.1–3 For example, various biomedi-
cal applications of gold nanostructures have been real-
ized ranging from diagnostics to medical imaging mainly
due to the functional properties such as localized surface
plasmon resonance.2 Multifunctional properties are also
desirable for 2D materials. For instance, 2D oxide thin
films that possess magnetism, ferroelectricity, and ther-
moelectricity simultaneously, have shown great potential
in electronic device applications.4–6
Among a number of functional properties, magnetism
is certainly an important one that makes a 2D mate-
rial attractive and promising for spintronic applications.
A number of 2D materials have been predicted to ex-
hibit ferromagnetic (FM) or antiferromagnetic (AFM)
orderings.7–9 Some of these predictions such as single-
layer CrI3 and Fe3GeTe2 have also been confirmed in
recent experiments.10–12
As another critical functional property for a semicon-
ducting 2D material, piezoelectricity describes a phys-
ical phenomenon that couples mechanical strains and
electric fields. Reed et al. first performed theoretical
studies of piezoelectricity on several 2D transition-metal
dichalcogenides.13,14 A recent experiment on single-layer
MoS2 has confirmed the theoretical predictions.
15
But few of the above examples of 2D materials have
shown the coexistence of magnetism and piezoelectricity.
The former property often involves a transition-metal el-
ement being a component of a 2D material and the latter
requires the absence of a center of symmetry. Searching
for multifunctional 2D materials with both magnetism
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FIG. 1. (a) Top and (b) side views of a 2 × 2 × 1 supercell
of single-layer CoAsS with pentagonal structure. A type 2
pentagon encloses the cyan shaded area shown in (a).
and piezoelectricity is therefore critical to expand the
functional applications of 2D materials.
To discover novel 2D materials with both magnetism
and piezoelectricity, we adopt the strategy of explor-
ing structure-properties relationships by modifying the
building blocks of a 2D material from hexagons to pen-
tagons. In particular, we used pentagonal geometries in
conjunction with density functional theory (DFT) calcu-
lations to predict novel 2D materials.16,17 Furthermore,
through datamining the Materials Project,18 we identi-
fied a series of pyrites structures with embedded type
2 pentagons,19 one of which is illustrated in Fig.1(a).
Tessellating this type of pentagons in a plane forms the
Cairo tessellation, a ubiquitous pattern seen on the Cairo
street.20 We recently studied the electric structure and
magnetic properties of single-layer CoS2 with the Cairo
tessellation. Although this single-layer pentagonal ma-
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2terial exhibits the AFM ordering, the structure remains
to have an inversion center, prohibiting the occurrence
of the piezoelectric effect. We therefore aim to design
a 2D multifunctional material based on single-layer pen-
tagonal CoS2 by modifying the structure to achieve the
combination of magnetism and piezoelectricity.
To break the inversion symmetry of single-layer CoS2,
we partially replacing the S atoms bridging the Co atoms
by As atoms to form single-layer CoAsS. We expect the
substitution will introduce the piezoelectricity. Figure 1
shows the top and side views of a 2 × 2 × 1 supercell
of single-layer CoAsS. Each unit cell consists of the same
number (2) of Co, As, and S atoms. Similar to single-
layer pentagonal CoS2, single-layer pentagonal CoAsS
has a bulk counterpart, which is a type of sulfarsenide
minerals that include NiAsS and FeAsS.21 Bulk CoAsS
is also an example of arsenopyrite-like structure with a
general chemical formula ABS (A = Fe, Co, Ni; B =
As, Sb).22 Although bulk CoAsS was successfully syn-
thesized in the 1970s23 and recently studied using DFT
calculations,22 single-layer CoAsS has not yet been ob-
tained or computationally characterized. A DFT + U
study of single-layer CoAsS therefore will stimulate in-
terest in this new 2D material.
II. METHODS
We use the Vienna Ab-initio Simulation Package
(VASP, version 5.4.4)24 to perform all the DFT calcu-
lations. We also use the Perdew-Burke-Ernzerhof (PBE)
functional for approximating the exchange-correlation
interactions.25 Furthermore, we use the standard PBE
version of the potential datasets for Co, As, and S gen-
erated based on the projector-augmented wave (PAW)
method.26,27 The potential datasets treat the 3d8 and
4s1 electrons of Co atoms, the 4s2 and 4p3 electrons of
As atoms, and the 3s2 and 3p4 electrons of S atoms as va-
lence electrons. The plane waves with the cut-off kinetic
energy of 550 eV are used to approximate the electron
wave functions. We adopt a Γ-centered 12 × 12 × 1
Monkhorst-Pack k-point grid to sample the k points in
the reciprocal space.28 We keep using the same effec-
tive U parameter (Ueff = 3.32 eV) with the Dudarev
method29 to treat the d orbitals of Co atoms. This pa-
rameter has been shown to lead to similar energy differ-
ences between the AFM and FM structures of single-
layer pentagonal CoS2 using the PBE+U and HSE06
methods.19 The vacuum spacing of the surface slab is set
to 18.0 A˚ to avoid image interactions between neighbour-
ing nanosheets of CoAsS. During the VASP calculations,
the in-plane lattice constants along with atomic coordi-
nates are fully optimized until the residual forces reach a
threshold value of 0.01 eV/A˚.
III. RESULTS AND DISCUSSION
We follow the same procedure applied to single-layer
pentagonal CoS2 to determine the ground-state magnetic
ordering of single-layer pentagonal CoAsS.19 Namely, we
assume three different initial magnetic moments (5, 3,
and 1 µB, respectively) for Co ions to form high-spin
(HS), intermediate-spin (IS), and low-spin (LS) states,
for each of which we account for the AFM and FM ar-
rangements of the two Co ions in a unit cell. We also
perform non-spin polarized DFT calculations and the
resulting state is denoted as non-magnetic (NM). Ta-
ble I summarizes the energies of single-layer pentagonal
CoAsS adopting the seven different states. As can be
seen, the NM state exhibits the highest energy. More
importantly, all the FM states are relaxed into the same
energy and in-plane lattice constants, independent of the
initially speculated spin states. By contrast, there are
two different AFM states. The HS-AFM and IS-AFM
states have the same energy, whereas the LS-AFM state
exhibits a much higher energy. But both energies are
higher than the energies of FM states. We therefore con-
clude that the FM state is the ground state of single-layer
pentagonal CoAsS, and HS/IS-AFM state is the second
lowest-energy state. We henceforth focus on single-layer
pentagonal CoAsS with the FM ordering.
We also see from Table I that each Co ion has an in-
teger magnetic moment of 2 µB, showing localized mag-
netism in contrast to itinerant magnetism exhibited by
e.g., single-layer Fe3GeTe2.
30 Table I also lists the in-
plane lattice constants of single-layer pentagonal CoAsS.
As expected, the in-plane lattice constants increase to
5.75 A˚ and 5.69 A˚ from 5.34 A˚ and 5.43 A˚, respectively,
TABLE I. Energies ∆E (in meV per formula unit) and mag-
netic momentsm (in µB per Co ion), in-plane lattice constants
a and b (in A˚), and band gaps Eg (in eV) of single-layer CoAsS
with different spin states. The energies are calculated using
the energy of the LS-FM state as the reference. HS, IS, LS,
AFM, FM, and NM stand for high spin, intermediate spin, low
spin, antiferromagnetic, ferromagnetic, and non-magnetic, re-
spectively. All these results are obtained from the PBE + U
(Ueff = 3.32 eV) calculations.
Spin state ∆E m a b Eg
HS-AFM 45 0.00 5.69 5.52 0.32
HS-FM 0 2.00 5.75 5.69 0.34a,0.64b
IS-AFM 45 0.00 5.69 5.52 0.32
IS-FM 0 2.00 5.75 5.69 0.32a,0.64b
LS-AFM 149 0.00 5.65 5.61 0.09
LS-FM 0 2.00 5.75 5.69 0.34a,0.64b
NM 228 0.00 5.64 5.64 0.48
a Spin-up component
b Spin-down component
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FIG. 2. Computed phonon spectrum of single-layer pentago-
nal CoAsS using 4 × 4 × 1 supercells.
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FIG. 3. (a) Spin-up and (b) spin-down orbital-resolved band
structures of single-layer pentagonal CoAsS calculated with
the PBE + U (Ueff = 3.32 eV) method. The inset of (a)
shows the high- symmetry k-point path.
as in single-layer pentagonal CoS2
31 due to the larger
radius of As atoms.
To examine the effects on the dynamical stability
caused by partially replacing S by As atoms, we calculate
the phonon spectrum of single-layer pentagonal CoAsS.
Figure 2 shows the computed phonon spectrum using the
force constants of 4 × 4 × 1 supercells. We observe
that, similar to single-layer pentagonal CoS2
31, single-
layer pentagonal CoAsS is dynamically stable (i.e., no
imaginary frequencies) except that the maximum phonon
frequencies at different k points is reduced because of the
heavier As atoms. For example, at the Γ point the max-
imum vibrational frequency is 381 cm−1 for CoAsS, in
contrast to 455 cm−1 for CoS2 at the same k point.
Figure 3 shows the orbital-resolved band structures
for the spin-up and spin-down electrons, revealing that
single-layer pentagonal CoAsS is a semiconductor with
the spin-up and spin-down bandgaps of 0.32 and 0.64 eV,
respectively. The spin-up bandgap is an indirect bandgap
with the conduction band minimum (CBM) at the M
point and the valence band minimum (VBN) between
the Γ and Y points, whereas the spin-down bandgap is a
direct one with both the CBM and VBM at the M point.
Three types of orbitals (3d orbitals of Co; 4p and 3p or-
Co
S
As
FIG. 4. Charge density difference of single-layer pentagonal
CoAsS. Green and red isosurfaces refer to charge depletion
and accumulation, respectively. The isosurface value is 0.007
e/a30 (a0: Bohr radius).
bitals of As and S, respectively.) dominate the bands near
the bandgaps. In particular, the CBMs at the M points
of the spin-up and spin-down bandgaps are dominated
from the 4p orbitals of As. For the spin-up band struc-
ture, 4p orbitals of As and 3p orbitals of S are mixed to
form the VBM. For the spin-down band structure, more
visible contributions to the VBM result from the mixed
3d orbitals of Co and 3p orbitals of S. These mixed or-
bitals contribute to the exchange interactions between Co
ions leading to the FM ordering.
We also apply the HSE06 hybrid density functional to
calculate the bandgaps of the optimized structure from
the PBE + U (Ueff = 3.32 eV) method. We find that
the HSE06 functional results in the same conclusion that
single-layer pentagonal CoAsS is a semiconductor and
the FM structure is more stable than the AFM structure
by 35.85 meV per formula unit. This energy difference is
also similar to that (44.91 meV per formula unit) using
the PBE + U (Ueff = 3.32 eV) method. Furthermore,
the spin-up and spin-down bandgaps using the HSE06
functional are 0.29 and 1.64 eV, respectively.
To understand the mechanism of the transition from
single-layer pentagonal, AFM CoS2 to FM CoAsS, we
note that the Co-S-Co superexchange interactions in
single-layer pentagonal, AFM CoS2 are rather weak and
the calculated exchange integral is 3.01 meV leading to
the low Ne´el temperature. Unlike the Co-Co exchange in-
teractions in single-layer pentagonal CoS2 bridged only
by the S ions, the Co-Co exchange interactions in single-
layer pentagonal CoAsS are bridged by both As and S
ions. This is reflected by the orbital mixing in the orbital-
resolved band structure shown in Fig.3.
4The electrons surrounding the As and S ions in single-
layer pentagonal CoAsS play the roles of bridging the ex-
change interactions between the Co ions. The magnitude
of electron density around an As or S ion therefore qual-
itatively determines the “bridge width” describing the
strength of exchange interactions. Intuitively, the larger
“bridge width” corresponds to stronger exchange inter-
actions. To compare the “bridge width” of As and S ions,
Fig.4 displays a plot of the charge density difference ∆ρ,
which is calculated as the difference of the charge den-
sity of single-layer pentagonal CoAsS with reference to
the total charge density of isolated Co, As, and S atoms.
The ∆ρ plot shows that electron accumulates more signif-
icantly near the S ions than near the As ions, consistent
with the higher electronegativity of S (2.5) over As (2.0)
on the Pauling scale.32 The narrower “bridge width” re-
sults in the weakened Co-As-Co superexchange interac-
tions that would otherwise enhance the AFM ordering.
Consequently, the spins in Co ions prefer an alignment
in the FM manner, competing with the AFM alignment
owing to the Co-S-Co superexchange interactions.
To further demonstrate the importance of electroneg-
ativity in affecting the magnetic ordering of single-layer
pentagonal CoAsS, we perform an energy calculation on
an imaginary 2D material CoOS. Namely, the As atoms
are replaced by more electronegative O atoms (3.5 on
the Pauling scale).32 As a result of this replacement, the
energy of CoOS with the AFM ordering is lower than
that with the FM ordering by 86.44 meV per formula
unit. As a reference, for single-layer pentagonal CoS2,
the corresponding energy difference is merely 11.99 meV
per formula unit.31 We therefore conclude that the elec-
tronegativity of the atoms bridging the Co ions plays a
critical role in affecting the magnetic ordering. As such,
one may use the electronegativity of bridging ions as a
metric to assess the exchange coupling strength in 2D
magnets.
Having understood the mechanism of magnetic tran-
sition, we set to evaluate the magnetocrystalline
anisotropy energy (MAE) of single-layer pentagonal
CoAsS. To calculate the MAE, we consider the spin-
orbit coupling (SOC) in the calculations.33 We set the
parallel spin vectors of the two Co ions initially along
the a or b axis and gradually change the angle of these
two vectors with reference to one of these two axes in
the ab and ac, and bc planes, respectively. The MAE is
therefore defined as the energy at different rotation an-
gles subtracting the minimum energy in each of the three
planes. Figure 5 shows the calculated MAE as a function
of rotation angle in the ab, ac, and bc planes. In the ab
plane, the minimum-energy spin orientation is along the
b axis, and the highest MAE (135 µeV/Co ion) occurs
when the spin vectors are along the a axis. In the ac
plane, the minimum-energy spin orientation is along the
direction that has an angle of 10◦ about the a axis. The
corresponding largest MAE is (365 µeV/Co ion). In the
bc plane, the MAEs show the largest energy variation,
from the energy minimum along the b axis to the en-
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FIG. 5. Magnetocrystalline anisotropy energy of single-layer
pentagonal CoAsS in the ab, ac, and bc planes. The energy
minimum is set to zero for each plane.
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FIG. 6. Normalized magnetization m (represented by blue
triangles) as a function of temperature T in single-layer fer-
romagnetic, pentagonal CoAsS obtained from Monte Carlo
simulations. The magnetization is fitted to the equation:
m(T ) =
(
1− T
TC
)β
, plotted as a solid blue line.
ergy maximum (460 µeV/Co ion) along the c axis. This
maximum MAE is much higher than that (153 µeV/Co
ion) of single-layer pentagonal CoS2 due to the presence
of heavier As ions associated with stronger SOC. Strong
magnetocrystalline anisotropy is a necessary condition
for single-layer pentagonal CoAsS to exhibit long-range
magnetic ordering.34,35
We next employ the VAMPIRE package36 to compute
the Curie temperature of single-layer pentagonal CoAsS
via Monte Carlo (MC) simulations. The simulations are
based on the Heisenberg model with the exchange Hamil-
tonian for the exchange interaction of a system36
H = −1
2
∑
i6=j
JijSiSj , (1)
5TABLE II. In-plane elastic constants C11 (N/m), C22 (N/m), and C12 (N/m), and piezoelectric coefficients e11 (10
−10 C/m),
e12 (10
−10 C/m), d11 (pm/V), d12 (pm/V), and d26 (pm/V).
C11 C12 C66 C22 e11 e12 e26 d11 d12 d26
75.44 6.17 26.94 51.53 -2.47 1.38 1.09 -3.52 3.10 2.02
where Jij is the exchange integral between adjacent spins
of Co ions, and Si and Sj are the spin moment (i.e. 1.0
µB) of the i-th and j-th Co ions, respectively. Follow-
ing the convention, positive exchange integral Jij denotes
FM ordering. We consider only the nearest-neighbour
interactions between Co ions and calculate the exchange
integral from the energy difference between the AFM and
FM configurations as
J =
EAFM − FFM
8
, (2)
where EAFM and EFM are the energies of a unit cell of
single-layer pentagonal CoAsS with the same structure
and different magnetic configurations (AFM and FM, re-
spectively). We obtain a larger J (12.77 meV) than that
(3.01 meV) of single-layer pentagonal CoS2.
19
To perform the MC calculations, we construct a su-
percell of single-layer CoAsS with the in-plane size of 25
nm × 25 nm, sufficiently large to minimize the statis-
tical noise caused by the finite-size effects. We apply
the periodic boundary conditions in both the a and b di-
rections. Figure 6 displays temperature-dependent nor-
malized magnetization using 104 equilibration and 104
averaging steps. We fit the results to the equation36
m(T ) =
(
1− T
TC
)β
, (3)
and we obtain an estimated Curie temperature TC of
103K and the critical exponent β of 0.45. Although the
TC is still below room temperature, it appears higher
than the Ne´el temperature (∼ 20K19) of single-layer
CoS2 due to the enhanced exchange interactions.
In addition to the magnetic transition from single-layer
AFM CoS2 to FM CoAsS, another important difference
between these two single-layer materials is their symme-
tries. We use the Phonopy package37 to perform a sym-
metry analysis and to identify the space groups of the
surface slabs of single-layer pentagonal CoS2 and CoAsS.
The space group numbers of these two single-layer ma-
terials are 14(P21/c) and 7(Pc), respectively. A sym-
metry change is likely to cause novel properties such as
the piezoelectricity to occur in 2D materials like MoS2.
38
Due to the presence of the inversion symmetry, single-
layer pentagonal CoS2 shows no piezoelectric effect. We
also confirm this in our calculations. By contrast, the in-
version center is absent in single-layer pentagonal CoAsS,
as can be seen in Fig.1(a).
The strength of piezoelectricity is quantified by piezo-
electric coefficients. To calculate the piezoelectric coeffi-
cients of single-layer pentagonal CoAsS, we first compute
the elastic constants with a symmetry-general method.39
The surface slab is a monoclinic structure. It is there-
fore associated with 13 independent elastic constants.40
For a 2D material, we only need to focus on the elas-
tic constants (a four-rank tensor) that contains no index
of 3 (the z component). As a result, there are four inde-
pendent elastic constants of interest: C1111, C1122, C1212,
and C2222, which are written as C11, C12, C66, and C22 in
the Voigt notation.41 Table II shows the four computed
elastic constants. We convert the dimension from N/m2
to a common dimension N/m for 2D materials by multi-
plying the obtained elastic constants from VASP calcu-
lations with the z length (18.0 A˚) of the surface slab. By
doing this, we remove the dependence of the computed
elastic constants on the vacuum spacing. The same unit
transformation is also applied to the piezoelectric coeffi-
cients (see below).
We next calculate the piezoelectric coefficients eijk and
dimn of single-layer pentagonal CoAsS. These two sets
of piezoelectric coefficients are related via the following
equation using the Einstein notation:38,42,43
eijk = dimnCmnjk. (4)
Due again to the 2D nature, only the components with
indices 1 and/or 2 are of interest. Moreover, because of
the symmetry of the surface slab, only three coefficients
e111, e122, and e212 are independent. These three coeffi-
cients are calculated as
e111 = d111C1111+d122C2211+d112C1211+d121C2111, (5)
e122 = d111C1122+d122C2222+d112C1222+d121C2122, (6)
and
e212 = d211C1112+d222C2212+d212C1212+d221C2112, (7)
respectively. Reducing Eqs. 5, 6, and 7 with two-index
notations gives rise to d11, d12, and d26 in the fol-
lowing equations that are previously used for other 2D
materials:38,42,43
d11 =
e11C22 − e12C12
C11C22 − C212
, (8)
d12 =
e12C11 − e11C12
C11C22 − C212
, (9)
6and
d26 =
e26
2C66
. (10)
To obtain eijk, we calculate the polarizations from both
electronic and ionic contributions using density func-
tional perturbation theory.44 Table II shows that the cal-
culated piezoelectric coefficients are sizable. For exam-
ple, the computed d11 (-3.52 pm/V) is significantly larger
than that of a variety of single-layer materials such as
MoS2 (1.50 pm/V) and WS2 (1.93 pm/V) with the 2H
structure.45 The coefficients d11 and e11 of single-layer
CoAsS also exceed all the engineered piezoelectric co-
efficients of atom doped graphene.14 Such a significant
piezoelectric effect endows single-layer pentagonal CoAsS
with an additional functional property besides the exist-
ing FM ordering. It might lead to potential applications
in sensors, energy conversion and electronics.15,46
IV. CONCLUSIONS
In summary, we have predicted a single-layer ternary
compound CoAsS with pentagonal structure using DFT
+ U calculations. In comparison with single-layer pen-
tagonal CoS2 with the AFM ordering, single-layer pen-
tagonal CoAsS exhibits the FM ordering and significantly
stronger MAEs. We suggest that electronegativity plays
an important role in leading to the magnetic transition
from the AFM to the FM ordering. In addition to
the FM ordering, we find single-layer pentagonal CoS2
possesses piezoelectricity with sizable piezoelectric coef-
ficients. Our prediction shows that this novel single-layer
pentagonal material may be useful for a variety of appli-
cations owing to its multifunctional properties.
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